A novel bench-top device for producing intense, fast pulses of x-rays has been designed with 10 ps fwhm (full-width at half-maximum) x-ray pulse width, 120 keV maximum energy, 100 W z repetition rate, and 1 A peak current onto the x-ray anode. The device includes three sections: (1) an electron gun that generates 5 ns wide pulses of 120 keV electrons at 100 kHz; (2) solenoidal magnetic lenses and deflection plates that focus the electrons onto an apertw plate and sweep the pulsed beam past the aperture, respectively; and (3) a tungsten anode onto which the post-aperture electrons are focused, producing pulses of x-rays. Using solenoidal magnetic lenses with a current density of 150 Aw"ncm2 to focus the electron beam, a deflection plate dV/dt of 1013 V/s is needed to achieve electron pulse widths of about 10 ps. The design process used EGUN (an electron optics and gun design program) electron trajectory simulations, including calculation of important space charge effects. When built, this instrument will be used to excite scintillator samples in crystal or powdered form, allowing fluorescent lifetimes and spectra to be measured with a microchannel PMT. The very narrow 10 ps x-ray pulse width is necessary for accurate measurements of the risetimes of very fast scintillators (e.g., BaF2). In addition, the large xray flux (1 A peak current) is advantageous when using a reflection grating monochromator to measure decay times at different wavelengths.
I. INTRODUCTION
The performance of positron emission tomography (PET) instrumentation depends heavily on the scintillator crystals used as detectors. Faster and brighter scintillators could decrease detector recovery time, improve rejection of radiation resulting from Compton scattering within the patient, and possibly even reduce detector cost. The search for new scintillators requires a means of exciting samples so that fluorescent lifetimes and spectra can be measured. Previous efforts to find better scintillators made use of an electron synchrotron in single-bunch mode to measure the x-ray excited fluorescence of over 400 compounds [l, 21, a process that was both expensive and time-consuming. More recently, a tabletop device capable of producing 109 ps fwhm pulses of x-rays has been used in the search for new scintillators [3-51. While this instrument has reduced the cost and increased the ease of making scintillation measurements, it generates peak currents of only 1 mA and produces x-rays with a maximum energy of 30 keV. Hence, the 10 ps x-ray pulse width, 1 A peak current,l20 keV maximum x-ray energy design presented in this paper represents a major improvement both in timing resolution and in the SNR of the resulting scintillation measurements.
U. DESIGN OVERVEW
In addition to the goals of a 1 A beam, 120 kV accelerating voltage, and 10 ps x-ray pulse widths, the chief design criteria were table-top size, low cost, and the ability to observe scintillation behavior in both powders and crystals. The resulting x-ray source design consists of three distinct sections, as shown in Figure 1 . 
A. Section I : Electron Gun
The first stage is an electron gun which generates a beam of electrons via thermionic emission from a 1 cm2 heated metal surface (the cathode). A grid pulsed between -400 V and 400 V is capable of completely turning off the electron beam and limits the duration of the electron pulses to approximately 5 ns. The electrons are accelerated across 120 kV, and the metal walls surrounding the beam act as an electrostatic lens that focuses the electrons enough to counteract space charge repulsion and yield a nearly parallel beam of electrons upon exit from the first section. The ultimate repetition rate of the x-ray pulses is set by the rate at which the cathode grid is pulsed, which has a maximum frequency of 100 Wz. The cost of this section is estimated at about $1OO,OOO (U.S.) [61.
B. Section 2: Focus, Deflection, and Chopping
The second stage consists of three main components: solenoidal magnetic lenses, a pair of deflection plates, and a plate with a 0.32 mm diameter aperture. 
C. Section 3: Anode and Exit Window
The third stage involves additional magnetic lenses and a tungsten anode (at ground potential). Once again a solenoidal magnetic lens system focuses the electron beam, this time to a spot diameter of 0.45 mm on the tungsten anode. The 10 ps electron pulses thus collide with the anode over a relatively small area, in the process generating x-rays with energies up to 120 keV. These x-rays exit the instrument through a beryllium exit window and an aluminum filter. Space near the exit window must be left for a sample, which is to be contained withii a quartz cuvette.
D. EGUN Trajectory Simulations
Designing the metal wall geometries and the magnetic lenses for minimal focal spot sizes required careful simulation of the electron trajectories. To this end EGUN, an electron optics and gun design program written by W.B. Herrmannsfeldt [8] , was used. The program computes the trajectories of charged particles through electrostatic and magnetostatic fields, accounting for space charge repulsion, self-magnetic fields, relativistic effects, and space-chargelimited emission from the cathode surface (Le., ChildLangmuir equation). The code is 2-D for all fields and 3-D for all particle motion, making cylindrical symmetry the best choice for this application.
III. MAJOR DESIGN TRADEOFFS/LIMITATIONS

A. General Focusing Considerations
The limitations inherent in focusing a 1 A electron beam to a small spot despite significant space charge repulsion have a critical influence on the design of this instrument. A smaller spot size on the aperture plate will decrease the post-aperture electron pulse width, hence this spot size must be minimized.
Solenoidal magnetic lenses were chosen over electrostatic lenses as the primary focusing elements because they are simpler to use and because magnetic lens aberrations are generally less dominant. Greater current density in the magnetic lens coils provides stronger focusing ability, but in ~ 615 most magnetic lenses heat dissipation limits this density to about 150 A*tums/cmz PI. Even then a combination of epoxy poured over and between the coils (to increase thermal conductivity) and/or wateir cooling must be employed.
Figure 2 displays EGUN simulation results for a parallel
beam of electrons focusled with a solenoidal magnetic lens configured to work well with 1 A beams. At low currents the spot diameter is limited by aberrations, though smaller spot sizes could be achievedl were the lens system tailored to smaller currents. Larger currents rapidly increase the spot size, demonstrating a near-exponential dependence. Smaller spot diameters are achieved with greater acceleration voltages because the beam trave:ls faster and hence space charge repulsion has less time in which to increase beam size. Expense and high voltage complications make 120 kV a reasonable choice for the accelerating voltage. However, designing the system for a maximum energy of 200 keV would make focusing easier and would allow electrons accelerated during 180" Compton interactions to produce Cerenkov light in materials with a high index of refraction (i.e., n > 2). This phenomenon could be used to accurately measure the width and amplitude of the generated x-ray pulses.
B. Cathode Grid
A fine wire mesh grid located a short distance in front of the metal cathode provides a means of controlling the beam current. By pulsing the grid voltage appropriately, it is possible to vary the current coming off of the cathode, allowing it to swing between a peak current level and zero. A cathode grid will intercept around 10% of the current emanating from the cathode [lo] , with increasingly higher intercept percentages the more positive the grid is driven.
In the case of a 1 cm2 cathode with a 1 A peak current, a grid cutoff voltage near -400 V and a peak drive voltage near +400 V are effective, as is the 1 mm cathode-to-grid spacing used in [lo] . By driving the grid with a carefully designed high-frequency voltage pulser, 5 ns pulse widths are commonly achieved 161.
C. Sweeping and Chopping the Electron Beam
Sweeping the pulsed electron beam past the aperture is accomplished by rapidly varying the voltage on one deflection plate while the second plate is kept grounded. This process is summarized in Figure 3 . To first order, the time required to sweep the electron beam past an aperture of size dap (i.e., the beam travels a vertical distance equal to dW) is: To minimize the time resolution it is desirable to make the distance between the plates (d,,) small but their length (w) long. However, the constraint of not allowing the deflection plates to intercept the beam, even at maximum deflection, limits these values. Increasing the plates-to-aperture distance (L) is also attractive, but L is limited in that the farther the beam travels before being brought to a focus, the greater the resulting focal spot diameter. This then leaves the aperture diameter (Q) and the deflection plate sweeping rate (dV/dt) to be minimized and maximized, respectively. The former is limited by lens aberrations and space charge repulsion, while the latter is limited b y voltage switching technology.
With attention to these effects, values of 4, = 0.32 mm, dp,1=35mm,w= 100mm,andL=178mmwereusedinthe final instrument design. For this geometry and electron energies of 120 keV (i.e., relativistic velocity of vi = 0.5867c), the dV/dt required to achieve a post-aperture electron pulse width of 10 ps is 8.64*1012 V/s.
D. Anode Angle
The electron beam is swept by the deflection plates such that, once near the aperture, it traverses a distance equal to the aperture diameter in about 10 ps. At this point the electron beam has been focused to a spot equal to the diameter of the aperture, so electrons will actually pass through the aperture for about 20 ps. This process is summarized in Pulses emerging from the aperture will demonstrate an angle of about 10" from horizontal. If the anode is at the correct angle, the electrons in the leading edge of the pulse will all strike the anode simultaneously, generating an x-ray pulse about 10 ps in width. The anode angle thus should be made easily adjustable so that a quenched, high-speed fluorescent compound can be used to observe the generated xray pulses while the anode angle is tweaked for minimum xray pulse width.
E. Accelerating Electrons Earlier Versus Later
Faster moving electrons are easier to focus but harder to sweep, so it is not immediately clear whether it is judicious to accelerate the electrons through the full 120 kV in the hrst section (i.e., the electron gun). 
v. PRECISION TIMING REQUIREMENTS
A. Synchronization of Grid and Deflection Plates
The pulsing of the cathode grid, which leads to the generation of electron pulses, and the deflection plate zerocrossings, during which the electron beam is aligned with the aperture, must be carefully synchronized. Ideally, the deflection plates sweep the beam such that each 5 ns wide electron pulse is aligned with the aperture at its peak current level.
Since the deflection plates are modulated with a sinusoidal signal, a zero-crossing detector will provide a reliable measure of when the next few positive-to-negative zero-crossings will occur (e.g., every 10 ns thereafter at 100 MHz modulation). This can then serve as a trigger for the release of an electron pulse from the cathode/grid assembly. An adjustable delay element can be used to fine-tune the system so that the peak current level within a pulse can be best aligned with the deflection plate zero-crossings. As with the anode angle, this adjustment can be optimized by observing the x-ray pulses with a quenched, high-speed fluorescent compound and tweaking the delay until the strongest pulses are obtained.
B. Timing of Scintillation Measurements
A critical aspect of studying fluorescence phenomena is knowing exactly when the x-ray pulses strike the samples. This can be accomplished with minimal timing jitter by connecting a comparator to the aperture plate as shown in Figure 6 . After the electrons emerge from the aperture it is only a matter of time-of-flight (electron flight from aperture to anode, x-ray flight from anode to sample) before the x-ray pulse strikes the sample. 
A. Simulation of Electron Trajectories
Detailed EGUN simulation results for the path of electron pulses throughout the length of the instrument are shown in Figure 7 . The configuration of the electron gun section is actually a modified version of the Lawrence Berkeley National Laboratory Advanced Light Source ( A L S ) electron gun. While the ALS gun generates a cument of 3.3 A, the current for this configuration is 1.18 A. Even if 10% of the beam current is lost to the grid and another 10% is lost to the aperture plate at peak beam-aperture alignment, a peak anode current of 0.96 A will still be maintained. Assuming that a maximum deflection plate dV/dt of 1013 V/s is achieved, the estimated post-aperture electron pulse width for the Figure 7 configuration is 8.6 ps, yielding an estimated x-ray pulse width of 10.1 ps. This is very close to the desired time resolution of 10 ps and also agrees well with the less accurate pulse width estimate of 10.7 ps derived from Figure 5 . The magnetic lens coil configuration used in Figure  7 is presented in detail in reference [ 113.
B. X-ray Spectrum
The x-ray spectrum that will be delivered to scintillation samples was computed using TUBDET [121, the results of which are shown in Figure 8 . An anode angle of 10" from the horizontal was assumed, but even large changes in this angle do not significantly affect the spectrum. 
C. Deflection Plate Sweeping Speed
The required &flection plate sweep speed of 1013 VIS can be achieved with a power triode and related circuitry [ 131. At a modulation amplitude of 16 kV and a frequency of 100 MHz, the maximum dV/dt values will almost exactly match this goal. An estimated peak current of 33 A is required to drive the deflection plates at this frequency and amplitude. The CPI, Emac Division 3CPX5ooOA7 high-mu power triode [7] is an appropriate choice for this application, as it is rated at 16 kV maximum voltage, 110 MHz maximum frequency, and 67 A peak current.
VI. CONCLUSIONS
The conceptual design of a table-top device capable of producing 10 ps pulses of x-rays for ultra-fast fluorescence measurements has been presented. In addition to the very short timing resolution, the instrument provides 1 A peak anode current, 100 W z repetition rate, and 120 keV peak x-ray energy. Each of these features is attractive for characterizing the fluorescent lifetimes and spectra of fast scintillators, providing for greater ease and speed in measuring scintillation responses. In order to achieve the best x-ray pulse width and intensity, both the anode angle and the delay element in the deflection plate-cathode grid synchronization circuitry should be fine-tuned once the instrument is built. The cost of the pulsed x-ray source is estimated at about $200,000 (U.S.).
